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Preliminary results from an inexpensive motion analyzer for free-swimming zooplankton Abstract-Mirrors are used to reflect two orthogonal views of a small aquarium into the lens of a single video camera, thus creating distortionfree, three-dimensional images. Zooplankton motion is quantified with computer software that categorizes different zooplankton behaviors and measures parameters such as distance, duration, angle of movement, and overall swimming speed. Using this system, we have found a strong behavioral response of Diaptomus minutus to the presence of conspecifics; Diaptomus greatly increases swimming speed and frequency of jumps under moderately crowded conditions. Animals often modify their movement patterns to optimize food gathering, mate location, and predator and competitor avoidance. Therefore, many studies in behavioral ecology require detailed information on movements and activity levels of various animals. In the zooplankton, behavioral observations are impeded by the small size of study animals and their ability to make rapid movements. We now rely on technologies such as high-speed microcinematography (Strickler , 1982 to partly overcome these difficulties. This technique has made accessible details of food encounter, capture, and ingestion in tethered zooplankton (Koehl and Strickler 198 1) . Techniques used to study the movements of zooplankton that are freely swimming in a three-dimensional environment are not as well developed, however, and our understanding of these behaviors is limited as a result.
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We thank Peter Hiscocks for his advice and assistance with image analysis equipment and techniques, and Dewey Meyers for the idea of the three-dimensional viewing system. We also thank Milos Legner for providing the continuous culture of Chlamydomonas, and Howie Riessen, Michael Arts, Andrea Locke, and Robert Baker for critical review of this manuscript. swimming in two-dimensional, narrow or shallow tanks in order to simplify both direct and videotaped observation (e.g. Stearns 1975; Wong et al. 1986 ). Videotaping is generally used to quantify motion through "frame-by-frame" analysis-an arduous and time-consuming process of stopping the playback at regular, brief time intervals and measuring an animal's position (Wong et al. 1986; Young and Getty 1987) . Automated motion analyzers based on minicomputers have been used effectively (Buskey 1984; Koltes 1985) but are quite expensive. With cheaper, microcomputer-assisted techniques, operators must still manually locate the animals on either a video screen or digitizing tablet. Here, using only one video camera and an automated method for motion quantification that works on a microcomputer, we describe an inexpensive technique for reconstructing three-dimensional movements of freely swimming animals.
We create a three-dimensional image that shows both X-Y and Z-Y planes on either half of one video image by using a system of four first-surface mirrors (Fig. 1) . The mirrors simultaneously reflect two orthogonal views of an aquarium (10 X 10 X 12 cm high) into the field of one video camera (Panasonic WV-1850 with a Canon 16-100 mm, f1.9 zoom lens). Both the camera lens and mirrors are adjusted to make the angle between the two different lines of sight (angle 0) as close to 90" as possible in order to minimize perspective distortions and thereby simplify calculations of distance and position.
During videotaping, the tanks are illuminated from above with a collimated infrared (minimum wavelength, 720 nm) light source that makes zooplankton appear as bright dots against an even, dark background. Using infrared light reduces behavioral responses of zooplankters to the strong directional lighting. Since zooplankton are the only bright parts of the image, our com- puter tracking system locates the animals by searching for these bright dots.
We define a swimming track as any recorded excursion into the viewing area that lasts a minimum of 5 s and is a minimum of 20 mm long. In our experience a maximum of about two swimming tracks per hour can be quantified with "frame-byframe" analysis. The computerized motion analyzer can process up to 20 tracks per hour, with greater spatial and time resolution, by using a similar "frame-by-frame" analysis: Video playback is continuous, but at 0.05-o. l-s intervals a video digitizer (we use the Oculus 200A, CORECO Inc., Montreal, with 5 12H x 480V pixel resolution) "freezes" one video frame, and the computer records coordinate locations of an individual animal. The resulting sequence of coordinate locations is analyzed by computer to identify different behaviors. Copies of both the tracking and behavior analysis programs are available from C.W.R.
To locate an animal, a tracking computer program must find the bright pixels in a matrix of almost 250,000 pixels. This search must be completed within a fraction of a second, because video playback is continuous; if searches are too slow, fast zooplankton movements may be inaccurately measured. Search speed is increased by scanning only two small (80 x 80 pixels), movable "windows,"
one on each side of the 3-D split-screen, rather than searching the entire video image. All but the smallest animals (~2% of video screen width) are correctly located when the computer finds only three adjacent, bright pixels. After finding the animal, the tracking program must record its coordinate location, reposition the windows around the animal, and repeat this routine with the next video frame. On a video screen the two windows enclosing the zooplankter follow it as it glides and jumps (Fig. 2) . The search algorithm (see Noble and Levine 1986 , for other search algorithms) is written in machine language which provides a large increase in execution speed over high-level languages. Processing speed was further increased by ignoring every second row or column of pixels, thereby reducing search area. Time between successive frames is constant when using either an IBM PC-AT (0.07-s search time, ~-MHZ PC-AT) or a Compaq 386 computer (0.05-s search time, 16-MHz model).
Commercially available video motion analyzers (e.g. ExpertVision, Motion Analysis Corp.) use hardware-based array processors that can quickly determine the centers of mass of several moving objects. These systems are necessary for tracking irregularly shaped objects that are moving against complex backgrounds, but they cost much more than our system, and for simple video images our tracking system provides similar information.
With only one search window per halfscreen (more windows can be added but speed is reduced), only one animal at a time can be followed. The operator can isolate an individual from others appearing on the screen in three ways: by using smaller windows, by shifting the windows up, down, left, or right around the target to exclude other animals, and by selectively following only the animal nearest each window's top, bottom, left, or right border when more than one animal is present in a window.
Before analysis, the coordinate data must be smoothed to reduce spurious motion (k 2 pixels) caused by small voltage fluctuations in the video signal (Young and Getty 1987) . We use a five-point running average transformation. Although analysis of swimming tracks would be different for each researcher's needs, we present some results from our behavioral analytic computer program to illustrate some uses of the coordinate data. Our program provides measurements ranging from simple calculations of swimming speed to more complex identification and analysis of different behaviors. vation and can now distinguish four different behaviors. "Jumping" is the most rapid movement (L 10 mm s-l). "Gliding" is any type of slow (0.2-10 mm s-l), smooth motion, including sinking. "Pausing" is barely detectable motion (50.2 mm s-l), including hanging in the water column, very slow gliding, and very slow sinking. "Hopping" is a short, quick glide (~2 mm in 0.2 s) that is still slower than a jump. For each occurrence of the four behaviors, we measure distance traveled, duration, horizontal and vertical angles of motion, and horizontal and vertical vector lengths. For each swimming track, we also calculate frequency of the different behaviors, average swimming speed, displacement (linear distance from start to finish), and net-to-gross displacement ratio (NGDR, Buskey 1984 water (two replicate tanks) in a lo-x lox 12-cm-deep glass tank. The animals had 1 x lo4 cells ml-l of Chlamydomonas sp.
food that was grown in continuous culture and were acclimated to experimental food and temperature for at least 1 week. We videotaped in the dark with an infrared light with the mirrors and camera lens adjusted to view a 4-x 4-x 7-cm-high field positioned in the center of the tank. All zooplankters appearing on videotape were swimming in open water at least 3 cm from the nearest wall. All animals were videotaped at 10°C except Diaphanosoma brachyurum which was videotaped at 20°C.
Swimming speeds that would be measured in a two-dimensional system can be compared to those measured in our threedimensional system by using the X, Y, and 2 components of motion determined by the tracking system to calculate swimming speeds in different planes of motion (Table  1) . Using only X and Y coordinates (or Z and Y) simulates measuring swimming speeds by looking through one side of the tank. Using only X and Z coordinates simulates a top-down view of the tank. As expected, we found that both "side" and "top" speeds were consistently lower than threedimensional speeds (15-30%) for both Daphnia pulex and Diaptomus oregonensis. Diaphanosoma brachyurum, however, has a pronounced vertical swimming pattern, and its speed measured from a top view is 2.8 times lower than its real speed. For all of these species, the three-dimensional observation system provides more accurate estimates of swimming speed than two-dimensional analyses. The following experiments illustrate the use of the coordinate data for a more complex analysis of the behavioral response of Diaptomus minutus to crowding.
In nature, the densities of zooplankton populations vary both spatially and temporally, and in some cases aquatic predators have a curvilinear feeding response to this variation in prey density (Folt et al. 1982; Pastorok 1980) . Curvilinear functional responses are usually assumed to be the result of active choice by the predator. Disproportionate increases in predation rate with increasing prey density would also result, however, if prey become more vulnerable at higher prey densities. The experiments reported below show that D. minutus has a crowding behavior that may affect its susceptibility to predators over a naturally occurring range of prey density.
Diaptomus swims significantly faster (Wilcoxon two-sample test, P < 0.0001) at higher densities of conspecifics (0.89 kO.086 (SE) mm s1 at 5 animals liter-l vs. 1.8 1 -to. 182 mm s-l at 40 animals liter-l) by increasing the speed of all behaviors (Table 2) and also by hopping and jumping greater distances (Table 2, Fig. 2 ). Average distances traveled by hopping and jumping are increased by making longer and more frequent jumps and hops. Pausing rarely occurred.
Increased swimming speed at elevated densities of conspecifics might serve to avoid localized patches of high zooplankton density. By swimming faster, however, Diaptomus would encounter predators at a higher rate and also might elicit more predatory attacks (Gerritsen and Strickler 1977) . The stronger hydromechanical signal produced by faster swimming animals may increase attack probability by predatory zooplankton. This consequence is especially likely for Diaptomus because it swims faster by increasing frequency and speed ofjumps, and jumps produce the largest hydromechanical signals. In predation experiments with both Limnocalanus macrurus (Wong et al. 1986) and Mysis relicta we have noticed that Diaptomus is attacked only when it jumps.
Several studies on zooplanktivores have found a dependence of predation rate on prey density. Intraspecific behavioral interactions may explain the Type 3 functional response curve exhibited by M. relicta when it feeds on increasing densities of Diaptomus tyrelli (Folt et al. 1982) . Also, Chaoborus predation on D. minutus increases with an increasing density of Diaptomus relative to Daphnia in the prey assemblage (Pastorok 1980) . This shift in diet preference appears to be active predator choice, however, and not the result of crowding behavior in Diaptomus. Feeding rates of planktivorous fish may also be affected by crowding behavior, since faster swimming prey are more visually conspicuous to fish (Wright and O'Brien 1982) .
These experiments with Diaptomus show the necessity of using a three-dimensional viewing system. At 40 animals liter-r the average displacement measured from start to end of a swimming track is 9.7 mm in the Xdirection, 13.3 mm in the Z direction, and 7.0 mm in the Y direction, all in -30 s. If these animals were in a typical twodimensional set-up, with narrow tanks that are only lo-20 mm wide, their swimming would often by disturbed by proximity of the tank's sides. Furthermore, a nonautomated motion analysis of D. minutus would be arduous (Fig. 2) and three-dimensional angles of motion would be difficult to measure. Even more complex swimming patterns are found in other species, such as Epischura lacustris, Diaptomus leptopus, and Ceriodaphnia, which often swim in loops and criss-cross patterns.
Our motion analysis system can track, in either two or three dimensions, any moving object that can be made to contrast well with its background. In behavioral ecology, these techniques can be used to examine the responses of animals to various stimuli, such as the presence of predators (Wong et al. 1986 ) prey (Young and Getty 1987; Cowles and Strickler 1983) , or mates (Gerritsen 1980) . Motion analysis would also be useful in physiology and toxicology to quantify responses to environmental factors such as light color and intensity (Steams 1975; Young and Getty 1987) , temperature (Gerritsen 1982) oxygen levels, and time of day. The coordinate data can provide information ranging from simple estimates of activity levels to more sophisticated analyses of individual behaviors. 
